Background-More than 50% of >270 000 childhood cancer survivors in the United States have been treated with anthracyclines and are therefore at risk of developing cardiotoxicity. Cardiac magnetic resonance (CMR) has demonstrated utility to detect diffuse interstitial fibrosis and changes in regional myocardial function. We hypothesized that CMR would identify occult cardiotoxicity characterized by structural and functional myocardial abnormalities in a cohort of asymptomatic pediatric cancer survivors with normal global systolic function. Methods and Results-Forty-six long-term childhood cancer survivors with a cumulative anthracycline dose ≥200 mg/m 2 and normal systolic function were studied 2.5 to 26.9 years after anthracycline exposure. Subjects underwent transthoracic echocardiography, CMR with routine cine acquisition, tissue characterization, and left ventricular strain analysis using a modified 16-segment model. Extracellular volume was measured in 27 subjects, all of whom were late gadolinium enhancement negative. End-systolic fiber stress was elevated in 45 of 46 subjects. Low average circumferential strain magnitude (ε cc ) −14.9±1.4; P<0.001, longitudinal strain magnitude (ε ll ) −13.5±1.9; P<0.001, and regional peak circumferential strain were seen in multiple myocardial segments, despite normal global systolic function by transthoracic echocardiography and CMR. The mean T1 values of the myocardium were significantly lower than that of control subjects at 20 minutes (458±69 versus 487±44 milliseconds; P=0.01). Higher mean extracellular volume was observed in female subjects (0.34 versus 0.22; P=0.01). 
A nthracycline-induced cardiotoxicity (AIC) has an insidious onset with early features of dilated cardiomyopathy, followed by a period of latency with clinical recovery of systolic function, before the development of overt heart failure. 1, 2 AIC has been attributed to a variety of factors, including the generation of free oxygen radicals that induce myocyte membrane and DNA damage, as well as induction of apoptosis. 3, 4 Previous studies have also demonstrated that AIC is mediated, in part, by an effect on the collagen matrix with loss of extracellular matrix and increase in fibrosis. 5, 6 Clinical Perspective on p 880
Transthoracic echocardiographic (TTE) measurements of global systolic function, currently the standard of care to diagnose AIC, allow the detection of the disease only when a significant percentage of cardiomyocytes have already been damaged. 7 Abnormalities in blood flow and tissue Doppler indices of systolic and diastolic functions have been proposed as early indicators of cardiotoxicity but lack specificity to guide preventive therapy. 8 Changes in regional myocardial function can be present after anthracycline therapy in children and adults [9] [10] [11] and in women undergoing breast cancer treatment. 12 Cardiac magnetic resonance (CMR) is considered the gold standard for quantification of ventricular volumes and global systolic function. 13 Measures of myocardial strain by tagged cine MRI are increasingly being used to detect subclinical myocardial dysfunction.
14,15 CMR T1 mapping has been proposed as a noninvasive marker of interstitial myocardial fibrosis, [16] [17] [18] [19] a fundamental change associated with early pathological remodeling in the course of AIC. 20 
Measurement of the extracellular volume (ECV) fraction by CMR has been
The purpose of this study was to use CMR T1 mapping techniques and measures of myocardial strain by tagged cine MRI to detect interstitial disease and changes in regional myocardial function in childhood cancer survivors. We tested the hypothesis that individuals with a history of high-dose anthracycline therapy may have occult cardiotoxicity, manifested by a decrease in circumferential ε cc and longitudinal ε ll strain magnitude and changes in myocardial T1 and ECV, despite normal standard measures of global left ventricular (LV) systolic function.
Methods

Study Population
Eligible subjects with a cumulative anthracycline dose ≥200 mg/m 2 and normal LV systolic function defined as TTE-based shortening fraction ≥29% were identified and prospectively enrolled through a registry of pediatric cancer survivors treated with anthracyclines between 1985 and January 2011. Inclusion criteria for this study are shown in Figure 1 . Subjects with high-dose radiation exposure to the chest (>3000 cGy) were excluded from the study to minimize the known synergistic effect of therapeutic radiation on cardiotoxicity. 5, 21 This study was approved by the Institutional Review Board at the Connecticut Children's Medical Center. The medical records of all enrolled subjects were reviewed to identify known risk factors associated with cardiotoxicity. Conversions to isotoxic equivalents of anthracycline antibiotics were performed to calculate the total cumulative dose.
Echocardiography
Echocardiographic assessments were obtained using a Philips iE33 echocardiography system. A TTE was performed for evaluation of systolic and diastolic functions, including 2-dimensional imaging, M mode, spectral, and tissue Doppler parameters of diastolic function; measurements of ventricular afterload (end-systolic wall stress); and contractility (stress/velocity index), using American Society of Echocardiography guidelines 22 (echocardiographic image analysis is given in the Appendix in the online-only Data Supplement).
CMR Techniques
Subjects were imaged on a 1.5-Tesla scanner (GE CV software version 16.0/M4, Milwaukee, WI) with the following protocol: (1) standard multislice, multiphase cine imaging using a steadystate free-precession acquisition technique (fast imaging employing steady-state acquisition [FIESTA] ) in the 2-chamber, 4-chamber, and contiguous short-axis planes. FIESTA parameters include the following: echo time (TE), min full; pulse repetition time (TR), 3.4 milliseconds; flip angle (FA), 45; bandwidth (BW), 125; image matrix, 224×224 (VPS=20). (2) Tagged cine CMR acquired in the 4-chamber and 3 short-axis planes (basal, midcavity, and apical) with an ECG-triggered segmented k-space fast gradient echo sequence with spatial modulation of magnetization in orthogonal planes. Grid tag spacing, 7 to 8 mm; field of view, (30) (31) (32) 23 : scan parameters: 2-2-4 pattern; time to inversion (TI) 0 , 100 milliseconds; TI inc , 100 milliseconds+RR interval resulting in TIs of 100, 1100; 200,1200; 300,1300; and 2300, 3300 milliseconds; echo time/pulse repetition time, 1.7/3.9 milliseconds; flip angle, 45°; 256×160 matrix; phase field of view, 0.75; slice thickness, 8 mm; number of excitations, 0.5; 38 views/segment (148-millisecond readout window). Gadopentetate dimeglumine (Gd-DTPA; Magnevist; Schering, Berlin, Germany) was administered at a dose of 0.1 mmol per 1 kg body weight through a 20-gauge cannula placed in the antecubital vein. MLLSR was performed for all 3 short-axis levels (midcavity, basal, and apical) before and at 4, 10, and 20 minutes after the contrast injection ( Figure 2 ). (4) Late gadolinium enhancement was acquired 10 to 15 minutes after intravenous injection of contrast for assessment of signal intensity changes in the 4-chamber and contiguous short-axis planes. TI was calculated to null the myocardium (TI, 150-250 milliseconds; TR, 5.5 milliseconds; TE, min full; 6-mm slice thickness; no spacing; flip angle, 20°; bandwidth, 31; matrix, 256×128). The delayed-enhancement images were independently reviewed by 2 cardiologists (O.T.S., K.N.H.) in a blinded fashion. Hematocrit was measured at the time of intravenous placement for CMR examination. The CMR and TTE were performed on the same day.
Image Analysis
Ventricular volumes, ventricular mass, and global function were obtained via standard planimetry techniques with semiautomated computer software (QMASS version 6.1.5; Medis Medical Imaging Systems, Leiden, the Netherlands) by an experienced reader (P.I.). Ventricular analysis calculations including ejection fraction, stroke volume, end-diastolic volume, LV mass-volume, and end-systolic fiber stress (ESFS) were performed. ESFS was calculated using the following formula: ESFS=1.35×P×bm×2h (expressed in g/cm 2 ), where P is the end-systolic pressure, 24 D is the end-systolic LV internal diameter (in cm), h is the end-systolic posterior wall thickness, and bm is the midwall minor semiaxis expressed as h/ln(0.5D+h)-ln(0.5D). 25 To assess the interobserver variability of volumetric analyses, a second expert (K.H.) performed the same analysis on subsets of 10 subjects. Tagged images were analyzed with the HARmonic Phase (Diagnosoft, Palo Alto, CA) technique 26 for calculation of peak average circumferential and longitudinal strain magnitude. Regional changes in peak circumferential strain (ε cc ) magnitude were performed in the midventricular level only given the limited reproducibility of the basal and apical slice. Midwall strain data were exported to a spreadsheet file for offline analysis. To assess intraobserver and interobserver variability of HARmonic Phase strain analyses, a second expert reader (O.T.S., K.N.H.) performed the same analysis in a subset of 10 randomly selected subjects in a blinded fashion. Epiand endocardial contours were traced for T1 analysis using custom software (Vizpack, GE Healthcare, Waukesha, WI). 23 ECV values were calculated as previously reported 27 using the following formulas: ΔR1 myo =1/T1 myo-post -1/T1 myo-pre ; ΔR1 blood =1/T1 blood-post -1/T1 blood-pre ; and ECV=ΔR1 myo /ΔR1 blood ×(100-HCT), where ECV and Hematocrit (HCT) are given as percentages.
Statistical Analysis
Subject values were combined in a single study database. t Tests were used to assess differences between groups (subjects versus control subjects, TTE versus CMR, men versus women). The primary comparisons of interest were between subjects and control subjects, as well as between the 2 imaging methods: CMR and TTE. Correlation coefficients were used to assess the relationship between 2 continuous variables. All tests are 2 tailed, and P<0.05 is considered to indicate a statistically significant difference. SPSS software (IBM, Armonk, NY) was used for statistical analysis.
Results
Study Population
Five hundred twenty-one patients were identified through the cancer registry, of whom 428 patients had been off chemotherapy for ≥2 years (Figure 1 ). Of these, 193 patients had received a cumulative anthracycline dose ≥200 mg/m 2 . Twenty-eight patients died, 50 patients were lost to followup, and 43 patients did not meet the inclusion criteria. Cardiomyopathy contributed to 6 of the 28 deaths (Table I in the online-only Data Supplement). Of the remaining 72 eligible patients, 46 patients agreed to participate in the study. The most frequent type of cancer diagnosis in these subjects was acute myelogenous leukemia (21.7%), osteosarcoma (13%), Hodgkin lymphoma (10.9%), and Ewing sarcoma (10.9%; Table II in the online-only Data Supplement). Patient characteristics are summarized in Table 1 . There were no statistically significant differences in patient characteristics between the study participants and the 26 subjects who were not included (data not shown). Ten of the 46 subjects enrolled had a prior history of systolic dysfunction (indicated by a shortening fraction <29%), which had normalized before participating in this study. None of these subjects received previous cardiac medications, and all are currently asymptomatic. BMI indicates body mass index; BSA, body surface area; NYHA, New York Heart Association; and SF, shortening fraction.
*Shown as frequency (percent), mean (±SD), or mean (range) as appropriate. †All radiation to the chest is low dose. November 2013
Echocardiographic Parameters
All 46 subjects had normal standard echocardiographic parameters of global systolic function, including stressvelocity index and stress-shortening index. Myocardial performance index was elevated in 44 (96%) subjects (Table III in the online-only Data Supplement). One subject (age, 42 years) was diagnosed with diastolic dysfunction on the basis of American Society of Echocardiography guidelines. 28 Individual parameters of diastolic function are presented in Table  IV in the online-only Data Supplement.
Basic MRI Parameters
Global left and right ventricular systolic function by standard MRI parameters was normal in all subjects ( Table 2 ). LV mass index was normal in both men (65.6±10.9; Z score, 0.27±1.4) and women (49.8±5.9; Z score, −0.37±0.76). Men had larger right ventricular and LV end-diastolic and end-systolic volumes and a higher LV mass than women. ESFS was elevated in 45 of 46 subjects. A low mass-volume ratio was inversely correlated with an increase in ESFS (r=−0.397; P=0.006). Late gadolinium enhancement was not present in any of the study subjects, with 100% interobserver agreement.
Regional Myocardial Function
Compared with normal subjects, 45 of 46 patients studied showed lower average midpeak circumferential strain magnitude (ε cc ) −14.9±1.4 versus −19.5±2.1 (P<0.001) and peak longitudinal strain magnitude (ειι) −13.5±1.9 versus 17.3±1.4 (P<0.001) by CMR, despite having normal values of global systolic function by TTE and CMR (Figure 3) . Furthermore, segmental ε cc magnitude was significantly lower in all segments, but in particular, the septal and inferior segments were most affected (Table 3) . Intraobserver (K.N.H.; mean difference=−0.25; limits of agreement=−3.05 to 3.55) and interobserver (O.T.S. and K.N.H.; mean difference=−0.45; limits of agreement=−2.61 to 1.71) variability of global peak circumferential strain was low on the basis of separate quantitative analysis in a subset of 9 subjects ( Figure I in the online-only Data Supplement). Average circumferential (P=0.005) and longitudinal (P<0.001) strain magnitude by CMR was lower among male subjects. Lower average ε cc magnitude correlated with higher cumulative dose (P=0.049), lower ejection fraction (r=−0.389; P=0.008), radiation therapy to the chest (P=0.007), and increased myocardial performance index (r=0.309; P=0.037). A significant reduction in peak longitudinal strain magnitude was seen by CMR (−13.5±1.9) but not by echocardiography (−18.5±2.4; P<0.001). Compared with CMR, speckle-tracking techniques by TTE demonstrated significant reductions in peak circumferential strain (ε cc ) limited to the anteroseptal and inferoseptal segments (Figure 3 ).
T1 Mapping of the Myocardium
Segmental T1 maps at baseline and at 4, 10, and 20 minutes are depicted in Figure 4 . Normative T1 data on 24 volunteers (46.6±11 years; 15 men) were used for comparison. 23 Precontrast T1 values of the myocardium were higher in study subjects, but the difference did not reach statistical significance (974±312 versus 910±93 milliseconds; P=0.26). Precontrast T1 values did not correlate with risk factors for AIC, global function MRI parameters, or regional changes in peak circumferential (ε cc ) or longitudinal strain magnitude (ειι). Postgadolinium T1 values were 373±60 versus 389±36 milliseconds at 4 minutes (P=0.12), 442±129 versus 435±36 milliseconds at 10 minutes (P=0.75), and 458±69 versus 487±44 milliseconds at 20 minutes (P=0.01). Low T1 relaxation myocardial values at 20 minutes correlated with low LV mass index (r=0.521; P<0.001), increase in ESFS (r=−0.501; P<0.001), and female sex (P=0.01).
Quality Scores
The T1 maps were scored for overall quality based on a 3-point scale in all subjects, similar to previous reports. 16 The 2 most common sources of artifact observed were related to physiological motion and off-resonance effects. Only images with quality scores of 1 and 2 were chosen for analysis. Image quality was given a grade of 1 (good) for 207 (40.6%) of the myocardial slices imaged, a grade of 2 (satisfactory) for 224 (43.9%) of the slices, and a grade of 3 (nonevaluable) for 79 (15.5%) of the slices (Table V in the online-only Data Supplement).
Extracellular Volume
ECV values were calculated in 27 of 46 subjects. ECV values were normal with an average of 0.25±0.1, similar to previous studies. 27 Abnormally elevated ECV was identified in 5 of 27 subjects (0.38±0.07). Higher mean ECV was observed in female subjects (0.34 versus 0.22; P=0.01; Figure 5 ) and in association with increase in ESFS (r=0.369; P=0.049). ECV was not associated with diastolic parameters or global and regional myocardial systolic function by TTE or CMR.
Discussion
Delayed anthracycline-related cardiotoxicity is manifested by chronic dilated cardiomyopathy that develops late in the course of therapy.
1 Cardiotoxicity is dose related, and myocyte damage on biopsy has a linear relationship with cumulative dose, whereas myocardial function is preserved until a critical dose or degree of damage is reached. 29 Changes identified with light microscopy include an increase in interstitial fibrous tissue and 2 main types of myocyte injury: partial or complete myofibrillar loss and vacuolar degeneration caused by dilatation of elements of the sarcoplasmic reticulum. 20, 29 These lesions eventually progress until the death of the myocyte. Echocardiography, the current standard of care, does not detect myocardial damage until late in the disease. In this study, we demonstrate for the first time that CMR tagging techniques are able to detect significant decreases in global and segmental LV myocardial peak circumferential (ε cc ) and longitudinal (ε ιι ) strain magnitude in subjects with normal indices of global systolic function. Furthermore, T1 techniques and ECV calculations quantify diffuse interstitial myocardial changes and expansion in the extracellular matrix in these patients.
Changes in global systolic function have been reported by CMR in a subset of long-term survivors of childhood cancer.
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Figure 3.
Strain by echocardiography compared with strain by MRI. A, Strain by echocardiograpy in subjects compared with control subjects. B, Strain by MRI in subjects compared with control subjects. C, Strain by echocardiography compared with strain by MRI in subjects. eAnt indicates anterior strain; eAS, anteroseptal strain; ecc, global circumferential strain; eIL, inferolateral strain; eIS, inferior strain; eLat, lateral strain; ell, longitudinal; and eMS, inferoseptal strain. In contrast, in this study, we focused on subjects with normal indices of global systolic function. Similar to previous investigations, adverse cardiac remodeling with inadequate compensatory hypertrophy is present, resulting in increased afterload, as indicated by an increase in ESFS, preceding contractile deficits in this patient population.
1,31
Measures of regional function have emerged as accurate tools for the detection of subclinical myocardial dysfunction. 32 The presence of myocardial strain abnormalities, as well as a serial decline in myocardial strain magnitude without a change in ejection fraction, has been previously reported in other forms of nonischemic cardiomyopathy. 14, [33] [34] [35] Our data provide evidence of similar findings in AIC subjects with reductions in regional performance in these subjects as demonstrated by low peak longitudinal (ε ιι ) and circumferential strain (ε cc ) magnitude in all segments of the myocardium. In contrast to the widespread segmental involvement demonstrated by CMR, speckle-tracking techniques by TTE demonstrated reductions limited to the anteroseptal and inferoseptal segments. This difference likely reflects the enhanced sensitivity of CMR for the detection of subtle changes in intramural contractile function, as previously reported. 33 Postcontrast myocardial longitudinal relaxation time (T 1 ) mapping constitutes a novel technique for quantifying interstitial myocardial fibrosis, 16, 36 a fundamental change associated with early pathological remodeling in the course of AIC. 5 An increasing number of studies have identified diffuse myocardial fibrosis in several cardiac disease states [36] [37] [38] with the use of various protocols for T1 mapping 16, 23, 36 and in pediatric patients exposed to anthracyclines. 39 In this study, we demonstrated lower myocardial T1 values 20 minutes after the injection of gadolinium. Lower postcontrast T1 values at 20 minutes correlated with low LV mass, an increase in ESFS, and higher cumulative anthracycline dose. Tham et al 39 recently demonstrated similar associations with precontrast T1 values in this patient population. All subjects in our study were negative for late gadolinium enhancement, confirming a low prevalence of replacement fibrosis in subjects with preserved ejection fraction. 39, 40 Measurement of myocardial ECV has been shown to correlate with collagen volume fraction. 17, 27 Previous studies show that myocardial ECV quantification correlates with diffuse myocardial fibrosis 17 and is elevated in anthracycline-treated adult subjects. 39, 41 Average ECV value in our patient population was similar to previous studies. 27 In agreement with previous reports, 39, 41 higher mean ECV and lower postcontrast myocardial T1 values were observed in female subjects, suggesting sex differences in extracellular matrix remodeling. No association was seen with measurements of diastolic function by echocardiography and ECV in our study population. This is most likely related to younger age in our study population (22±6 years) compared with the older cohort (55±17 years) in the study by Neilan et al 41 and the relatively low frequency of abnormal diastolic parameters.
Study Limitations
Our study has limitations resulting in part from its cross-sectional design. Further longitudinal evaluation in individual patients is required to determine whether early markers of cardiotoxicity serve as predictors of eventual heart failure in this patient population. Postcontrast T1 relaxation times may be affected by contrast type and dose of administration, in addition to the recently recognized sex and age dependency of T1 indices and ECV.
17 T1 normative data on MLLSR were derived in patients 46±11 years of age. Given the younger age of our study population, comparison of T1 values and ECV based on normative data from a relatively older cohort may lead to underestimation of the degree of interstitial fibrosis, given that normal younger individuals would be expected to have lower precontrast T1 and higher T1 postmyocardial values and lower ECV. Finally, in this study, we did not perform end myocardial biopsy for further validation of ECV and collagen volume fraction of the myocardium.
Conclusions
This work demonstrates for the first time abnormal myocardial characteristics and abnormal regional myocardial function in a cohort of pediatric cancer survivors treated with high-dose anthracycline chemotherapy in the face of normal values for clinically routine measures of LV systolic function. Microscopic fibrosis, as indicated by changes in T1 mapping-derived relaxation time, ECV, and decreased LV myocardial peak circumferential and longitudinal strain magnitude, is present in asymptomatic postchemotherapy pediatric patients who have normal standard CMR parameters. Thus, LV myocardial peak circumferential strain, T1 mapping-derived myocardial relaxation time, and ECV may serve as novel CMR parameters in the evaluation of therapies aimed at reducing adverse cardiac outcome in childhood cancer survivors exposed to anthracyclines.
